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PyrenoidThe distribution of the luminal carbonic anhydrase Cah3 associated with thylakoid membranes in the chloro-
plast and pyrenoid was studied in wild-type cells of Chlamydomonas reinhardtii and in its cia3 mutant deﬁ-
cient in the activity of the Cah3 protein. In addition, the effect of CO2 concentration on fatty acid
composition of photosynthetic membranes was examined in wild-type cells and in the cia3 mutant. In the
cia3 mutant, the rate of growth was lower as compared to wild-type, especially in the cells grown at 0.03%
CO2. This might indicate a participation of thylakoid Cah3 in the CO2-concentrating mechanism (CCM) of
chloroplast and reﬂect the dysfunction of the CCM in the cia3 mutant. In both strains, a decrease in the CO2
concentration from 2% to 0.03% caused an increase in the content of polyunsaturated fatty acids in membrane
lipids. At the same time, in the cia3 mutant, the increase in the majority of polyunsaturated fatty acids was
less pronounced as compared to wild-type cells, whereas the amount of 16:4ω3 did not increase at all. Immu-
noelectron microscopy demonstrated that luminal Cah3 is mostly located in the thylakoid membranes that
pass through the pyrenoid. In the cells of CCM-mutant, cia3, the Cah3 protein was much less abundant,
and it was evenly distributed throughout the pyrenoid matrix. The results support our hypothesis that CO2
might be generated from HCO3− by Cah3 in the thylakoid lumen with the following CO2 diffusion into the py-
renoid, where the CO2 ﬁxing Rubisco is located. This ensures the maintenance of active photosynthesis under
CO2-limiting conditions, and, as a result, the active growth of cells. The relationships between the induction
of CCM and restructuring of the photosynthetic membranes, as well as the involvement of the Cah3 of the py-
renoid in these events, are discussed. This article is part of a Special Issue entitled: Photosynthesis Research
for Sustainability: from Natural to Artiﬁcial.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
At present, three mechanisms of CO2 concentrating in the photo-
synthetic cells are known. Two mechanisms operate in higher plants
with C4- and CAM-type of carbon metabolism. The third type of
CO2-concentrating mechanism functions in aquatic photosynthesiz-
ing organisms, namely, in microalgae and cyanobacteria that ﬁx CO2
via C3 biochemistry. The latter mechanism, called CCM (CO2-concen-
trating mechanism), was discovered in the 1980s [1]. It permits thencentrating mechanism; Ci, in-
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l rights reserved.maintenance of the photosynthetic activity at low concentrations of
CO2 in the environment. Unlike the mechanisms of CO2 concentrating
that is characteristic for the C4- and CAM-type plants, the third CCM
operates before the incorporation of inorganic carbon into organic
compounds, and it is associated with the active transport and with
the intracellular conversion of inorganic carbon (Ci).
In cyanobacteria, active transport of Ci into the cells has been well
studied. It involves three HCO3− transporters and two systems of facil-
itated diffusion of CO2 [2]. In eukaryotic algae, several genes for the
putative Ci transporters had been discovered during the last few
years [3].
The second important element of the CCM consists of a system of
CO2/HCO3− conversion, which is better understood in microalgae [4].
The CO2/HCO3− conversion is performed by the enzyme carbonic anhy-
drase (CA; carbonate hydrolyase; EC 4.2.1.1), which catalyzes the re-
versible hydration of carbon dioxide: CO2+H2O⇆HCO3−+H+.
According to modern nomenclature, all CAs are divided into ﬁve main
classes (α, β, γ, δ, and ζ) that do not have signiﬁcant homology in
amino acid sequences and, presumably, have evolved independently
[5,6].
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model to study the organization of the CCM [4,7,8]. The cells of C. rein-
hardtii accumulate high concentrations of Ci in chloroplasts due to the
activity of the inﬂux transporters, which operate in the cytoplasmic
membrane (Hla3) and in the envelope membranes of the chloroplast
(LciA), in response to limitation in CO2 [7]. Twelve genes that corre-
spond to CA isozymes have been found in C. reinhardtii, which pos-
sesses three alpha, six beta, and three gamma CAs [9]. These
enzymes are located in all cellular compartments: in the periplasm
(Cah1, Cah2, and, perhaps, Cah8), in the cytoplasm (Cah9), mitochon-
dria (Cah4, Cah5, Cag1, Cag2, and Cag3), in the stroma of the chloro-
plast (Cah6), and in the thylakoid membranes (Cah3). The exact
localization of Cah7 has not yet been determined.
So far, the detailed mechanisms of Ci accumulation and CO2 con-
centration remain unclear. Nevertheless, the data on the role of the
molecular and structural organization of the CCM is steadily accumu-
lating. Algal cells grown under low CO2 concentration are character-
ized by well-developed pyrenoid surrounded by starch sheath
[10–12]. These cells also exhibit alterations in the structure of their
chloroplast envelopes, as well as in their thylakoid membranes
[13,14].
In electron micrographs, the pyrenoid appears as an electron-
dense inclusion usually surrounded by a starch sheath in the chloro-
plast. The chloroplast thylakoids pass through or extend into the py-
renoid protein matrix, where they may form a random or a regular
array. The pyrenoids, similarly to cyanobacterial carboxysomes, con-
tain almost all cellular Rubisco [15,16], which is involved in the for-
mation of pyrenoid [17,18].
The presence of Cah3 inside the pyrenoid has been previously
demonstrated [19,20]. Various types of evidence have been accumu-
lated on the importance of the algal pyrenoid in functioning of the
CCM. It was suggested that the enrichment in CO2 is attributed and
limited to the area of pyrenoid, but not to the whole cell volume
[4,21–26]. It is generally accepted that the CO2 formation in the pyre-
noid is catalyzed by lumenal Cah3 located in close proximity to the
active Rubisco centers. At the same time, Cah3 is supposedly associat-
ed with the PSII, and it is involved in the maintenance of PSII activity
[27].
In the present study, we investigated the localization and distribu-
tion of Cah3 protein in the thylakoid membranes of the chloroplast
stroma and pyrenoid of C. reinhardtii. We also discuss the interactions
between the induction of the CCM and the changes in the structure of
the photosynthetic membranes at low concentrations of CO2 in the
environment.
2. Materials and methods
2.1. Strains and growth conditions
Cells of C. reinhardtii 137mt+(WT) and its CCM-mutant cia3 [28]
were used in this study. C. reinhardtii cells were grown photoautotro-
phically at 28 °C in high-salt medium [29], with continuous bubbling
with air that contained 2% CO2 (v/v). Continuous illumination was
provided from cool white ﬂuorescent lamps at 50 μmol pho-
tons m−2 s−1. The growth rate, as assessed by the cell concentration
in liquid cultures, was estimated from the optical density at 750 nm
(OD750) as determined with a Genesis 10UV spectrophotometer
(Thermo Fisher Scientiﬁc, MA, USA). Low CO2 concentration was pro-
vided to the cells by a decrease of the content of CO2 in the air from 2
to 0.03%. All experiments were carried out with cells in the mid-
exponential phase of growth.
2.2. Isolation of C. reinhardtii cell fractions
Intact C. reinhardtii cells were collected by centrifugation and
washed once with a 30 mM HEPES-КOH buffer, pH 8.2 that contained0.25 M NaCl. Cells were disrupted in a chilled buffer (30 mM HEPES-
КOH, pH 8.2) with the French Press (8000 psi; SLM, American Instru-
ments Co., Urbana, IL, USA). Unbroken cells were sedimented by cen-
trifugation at 700 ×g for 10 min at 4 °C. The fractions enriched in
soluble and membrane proteins (supernatant and pellet, respective-
ly) were obtained by centrifugation of the total cell extract at
18,000 ×g for 40 min at 4 °C. To remove soluble protein contamina-
tions, the pellet was washed once at the same conditions. The prote-
ase inhibitor mixture (P2714, Sigma, USA) was added to a buffer at all
steps of the separation experiments to avoid protein degradation.
Protein content was estimated with Bio-Rad kit with standard solu-
tions (DC Protein Assay Kit, Bio-Rad Laboratories, Hercules, CA, USA).
2.3. Electrophoresis and immunodetection
Proteins were separated in 12% SDS-PAGE according to Laemmli
[30]. Proteins were loaded at 45 μg per lane. A mixture of protein
standards (Precision Plus Protein Standards, Bio-Rad) was used as
molecular mass markers. The samples were solubilized by heating
at 95 °C for 5 min in the sample buffer.
Western blotting was performed as described in the protocol
provided by Bio-Rad Laboratories. The primary polyclonal antibodies
were raised against: (1) recombinant Cah3 protein (α-CA) of
C. reinhardtii (Agrisera, Vännäs, Sweden) or (2) recombinant Cah3-
MBP fusion protein. The latter antibodies were kindly provided by
Prof G. Samuelsson (Umeå Plant Science Centre, Sweden). Donkey
anti-rabbit IgG conjugated with the horseradish peroxidase (GE
Healthcare) were used as secondary antibodies. To detect an anti-
body–antigen conjugates, the membranes were incubated in 50 mM
Tris–HCl (pH 7.5) buffer supplemented with 30 μl of 30% H2O2,
25 mg of 3,3′-diaminobenzidine, and 75 mg of 4-chloro-1-naphthol
as the substrates for peroxidase (per 100 ml of the ﬁnal buffer
solution). Both substrates were pre-dissolved in 5 ml of methanol.
The exposure time in a substrate-containing solution varied from
0.5 to 2 min.
2.4. Immunoelectron microscopy
For immunogold labeling experiments, C. reinhardtii cells were
ﬁxed with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.2)
for several days at 4 °C. Samples were rinsed three times in the
same buffer, dehydrated with 70% ethanol, and embedded in the
LR-White resin (62661, Sigma). Sections were prepared with an LKB
microtome (Sweden) with a glass knife and placed on Formvar
(F6146, Sigma) and carbon-coated nickel (G5651, Sigma) grids. To
determine localization of Cah3 in WT cells of C. reinhardtii, we used
afﬁnity-puriﬁed antibodies to the recombinant Cah3 protein, that
were kindly provided by Prof. G. Samuelsson. Nonspeciﬁc interaction
of antibodies was blocked by pretreatment of nickel grids for 40 min
in a drop of 1% BSA dissolved in 50 mM phosphate buffer (pH 7.4)
with 0.85% NaCl (BSA-PBS). Then the grids were transferred into
100-μl drops of primary antibody solution in BSA-PBS (1:20) or in
BSA-PBS without antibodies (control) for 4 h at room temperature
and then for 12 h at 4 °C. After several washes in BSA-PBS, the grids
were transferred into 100-μl drops of Protein-A-Gold solution in
BSA-PBS (1 : 15) for 1.5 h at room temperature. Then the grids were
rinsed successively in BSA-PBS, PBS, and mQ water. Gold colloids
(size 20 nm) were obtained from the Institute of Biochemistry and
Physiology of Plants and Microorganisms, Russian Academy of Sci-
ences (Saratov). After contrasting the sections were analyzed with a
JEM JEOL X-100 electron microscope (Japan).
In experiments with WT and cia3mutant cells of C. reinhardtii, the
antibodies raised against recombinant Cah3 protein (Agrisera; 1:16
dilution) or similarly diluted rabbit serum (R4505, Sigma) (negative
control) were used as primary antibodies. Nonspeciﬁc interaction of
antibodies was blocked by pretreatment of nickel grids for 1 h in a
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(2.4 g Tris–HCl, 8.76 g NaCl per liter, pH 7.4) supplemented with 1%
BSA (BSA-TBS). The grids were transferred to 100-μl drops of the
primary antibodies in BSA-TBS and incubated at 4 °C overnight.
After several washes in TBS, grids were transferred to 100-μl drops
of diluted (1:15) anti-rabbit IgG conjugated with 10 nm colloidal
gold particles (G7402, Sigma) in BSA-TBS and exposed for 1 h at
room temperature. Then the grids were washed sequentially in
TBS and deionized water. Contrasting of thin sections was per-
formed with uranyl acetate and lead citrate according to Reynolds
[31]. Thin sections of samples were analyzed with the Libra-120
transmission electron microscope (Carl Zeiss, Germany).
The distribution of gold particles within sections was estimated as
average value of series of independent experiments. Values represent
the number of gold particles in the pyrenoid (means±standard devi-
ation). Statistical signiﬁcance of difference in mean values was con-
ﬁrmed by unpaired t-test with p values less than 0.05.2.5. Determination of fatty acids composition of lipids
Lipids were extracted by a mixture of methanol and chloroform
(1:1, v/v). FAs were converted into their methyl esters by direct
methanolysis of lipids after addition of 5% acetyl chloride. FAs methyl
esters were analyzed using a Chrom-5 chromatograph equipped with
a CI-100 integrator (Laboratorni pristroje, Czech Republic). Arachidic
acid (20:0) was used as an internal standard. FAs analysis was per-
formed on a 2.4 m column packed with 5% PEGA (polyethyleneglycol
adipate) on Celite 545 at 185 °C. Nitrogen was used as a carrier gas.
The rate of individual FA formation was calculated according to the
equation: Vm=Δm/(Δt×pav), where Δm is the change in the FA
content in unit volume for the Δt period, and pav is the average con-
tent of proteins in the some volume of suspension. In agreement
with the hypothesis of the sequential incorporation of double bonds
during polyunsaturated FA (PUFA) biosynthesis, the rate of stearic
acid formation can be approximately equal to V(18:0)=Vm (18:0)+
Vm (18:1)+Vm (18:2)+Vm (18:3)+Vm (18:4), the rate of oleic acid for-
mation can be V(18:1)=Vm (18:1)+Vm (18:2)+Vm (18:3)+Vm (18:4),
etc. It is more difﬁcult to perform a similar analysis for the acids of
C16 series, because the pool of palmitic acid is consumed by the desa-
turases, and, at the same time, the palmitic acid is a substrate for
elongase, which performs the conversion of 16:0 into 18:0 [32].Days
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Fig. 1. The growth of WT (1, 3) and cia3mutant (2, 4) of C. reinhardtii grown at 2% (1, 2)
and 0.03% (3, 4) CO2.Chlorophyll was extracted from microalgal cells with methanol.
The absorption spectra were registered with an M-400 spectropho-
tometer (Carl Zeiss, Germany).
All experiments were carried out in 2–3 replicates. Biochemical
characteristics were based on 4–6 analytical assays.
3. Results
3.1. Growth of C. reinhardtii
The rate of growth was measured in WT cells of C. reinhardtii and
in its cia3 mutant that lacks the active form of Cah3. The algae were
grown under aeration with 2% (H-CO2 cells) or 0.03% (L-CO2 cells)
of CO2. The growth rate of WT depended on the CO2 concentration,
being higher at 2% CO2 (Fig. 1). At this concentration of CO2, the dif-
ference in the growth rate between theWT and cia3was insigniﬁcant,
whereas at 0.03% CO2 the growth rate of cia3 mutant was lower than
that of WT. At the high CO2 concentration, a linear phase of growth of
both WT and mutant cells was characterized by a doubling time of
17 h. At the low CO2 concentration, the doubling time of WT cells
was 26 h and that of cia3 cells—45 h. It should be noted that in our ex-
periments the doubling time was lower than that obtained for C. rein-
hardtii grown in less concentrated nutrient medium [28].
3.2. Fatty acids composition
H-CO2 cells of the cia3mutant differed fromWT by lower amounts
of 16:0, E-16:1ω13, 16:3ω3, and 18:1ω9 acids and by higher amounts
of 16:1, 18:0, 18:3ω3, and 18:4 acids, as well as minor components,
16:2ω6 and 16:3ω6 (Table 1). Total FAs content, as estimated on a
chlorophyll basis (Fig. 2), increased during adaptation of both types
of cells to low concentrations of CO2 in the growth medium, mainly,
due to an increase in the content of C18 acids. Under these conditions,
the C18/C16 ratio increased from 0.74 to 1.66 in WT cells, and from
0.79 to 1.46 in the cia3 mutant cells. Upon a decrease in the concen-
tration of CO2, the content of saturated FAs has changed in a different
way. The amount of palmitic acid (calculated either as mol%, or on a
chlorophyll basis) decreased, whereas the amount of stearic acid in-
creased (Table 1, Fig. 2).
The amount of E-16:1ω13 decreased in both strains (Table 1,
Fig. 2). The relative amount of 16:1 remained almost unchanged in
WT cells, whereas it sharply dropped in the cia3 mutant cells. The
relative amount of 18:1ω9 substantially decreased. The proportion
of PUFAs increased in both strains, especially evident for 16:4ω3,
18:3ω3, and 18:4 acids in WT.Table 1
The relative content of FA (mol%) in the cells of WT C. reinhardtii and cia3 grown at 2%
CO2 (H-CO2 cells) and adapted to 0.03% CO2 (L-CO2 cells).
WT cia3
Fatty acid H-CO2 cells L-CO2 cells H-CO2 cells L-CO2 cells
16:0 45.7 23.2 39.5 29.7
16:1a 2.1 2.2 4.4 0.9
E-16:1ω13 5.7 2.5 5.0 3.3
16:2ω6 1.3 1.8 2.4 3.0
16:3ω6 0.7 2.1 1.2 2.1
16:3ω3 2.4 1.8 1.3 1.4
16:4ω3 4.2 5.8 4.3 4.6
18:0 2.1 11.1 4.6 9.5
18:1ω9 14.3 9.1 13.0 9.3
18:2ω6 9.7 7.9 9.5 11.0
18:3ω3 3.9 8.3 5.0 6.0
18:4a 7.7 24.2 9.9 19.3
Notes: FA: 16:0—palmitic; 16:1—hexadecenoic; E-16:1ω13—trans-3-hexadecenoic;
16:2ω6—hexadecadienoic; 16:3ω6—hexadecatrienoic; 16:4ω3—hexadecatetraenoic;
18:0—stearic; 18:1ω9—oleic; 18:2ω6—linoleic; 18:3ω3—linolenic; 18:4—octadecate-
traenoic.
a The positions of double bonds are not determined.
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Fig. 2. FA composition of lipids in the cells of WT and cia3 mutant of C. reinhardtii
grown at 2% (light columns) and after 48-h exposure to 0.03% CO2 (dark columns).
See Table 1 for deﬁnitions of the FAs.
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which speciﬁcally incorporate double bonds into deﬁnite positions of
FAs molecules, thus increasing the degree of their unsaturation. These
desaturases differ in their response to changes in the external condi-
tions [33]. To characterize the activity of these processes we estimat-
ed the rate of FAs biosynthesis [32]. This calculation takes into
account not only the rate of FAs formation, but also the extent of
their utilization as substrates for the next steps of desaturation.
Fig. 3 represents the results of such calculation for FAs of the C18
series. The ﬁgure demonstrates that the formation of stearic acid in
both WT and cia3 cells was accelerated upon a decrease in the CO2
concentration. This reﬂects the increase in the ratio of C18 to C16
acids noted above, as well as in the activity of FA-synthetase II,
which is responsible for the elongation of palmitic acid, C16, into stea-
ric acid, C18.
The acceleration of rate of 18:1ω9 formation under decline of CO2
concentration is not as much as that of 18:0 and of more unsaturated
FAs, such as 18:2ω6, and, especially, 18:3ω3 or 18:4 (Fig. 3, curve).
This was also conﬁrmed by the fact that the amount of 18:1ω9 did
not increase and even somewhat decreased in both WT and cia3
mutant cells after their transfer to low CO2 concentration (Fig. 2,
Table 1). The acceleration of 18:3ω3 and 18:4 formation in L-CO2
cells (Fig. 3, curve) resulted in a sharp increase in their contents,
especially in WT cells (Table 1, Fig. 2). It was also noticeable that
the low CO2 caused the enhancement in the rate of 16:4ω3 biosyn-
thesis in the WT, but not in the cia3 cells (Fig. 3).
Thus, the deﬁcit in CO2 induces selective changes in the biosynthe-
sis of FAs. The following features should be noted: (1) acceleration of
16:0→18:0 elongation; (2) relatively moderate increase in the
synthesis of 18:1ω9 and the inhibition of E-16:1ω13 formation;and (3) a higher rate of PUFAs biosynthesis in WT cells as com-
pares to that in cia3; this was especially expressed in the case of
16:4ω3 acid.3.3. Ultrastructure of the Chlamydomonas chloroplast and detection of
the Cah3
The C. reinhardtii cell has a cap-shaped chloroplast with a basal
part that contains the pyrenoid surrounded by a starch sheath
(Fig. 4A). The stacks of chloroplast thylakoids are oriented in parallel
to the chloroplast envelope. Some thylakoids pass through the starch
grains and may extend into the pyrenoid (Fig. 5A). Thylakoids that
cross the pyrenoid were characterized by the reduced stacks and dis-
played a tubular shape (Fig. 4C; Fig. 5A, C). They formed a dense cha-
otic network inside pyrenoid, which retained their connections to the
chloroplastic thylakoids (Fig. 5A).
Starch granules were separated from the lamellas by thin layers of
the chloroplast matrix, which surrounded the granules and contacted
the body of the pyrenoid (Fig. 4A).
For immunocytochemical localization of the Cah3 inside the
cells, thin sections of WT cells were probed with the antibodies
against Cah3 and secondary gold-labeled antibodies followed by
the electron microscopy. In WT cells, the electron-dense markers
(gold particles) were found in the chloroplast: speciﬁcally, in the
intrapyrenoid thylakoids and, to much less extent, in the chloro-
plast thylakoids (Fig. 4A, C). The gold particles have not been
detected in the stroma of chloroplast, or in other cellular compart-
ments. The insigniﬁcant number of gold particles detected there
may reﬂect nonspeciﬁc binding of antibodies. In control cells,
Fig. 4. Immunocytochemical localization of Cah3 in thin sections of the WT of C. rein-
hardtii cells. (A, B) experimental and control samples respectively; (C) pyrenoid
section. For the immunocytochemical reaction, antibodies against C. reinhardtii
Cah3 protein and Protein-A-Gold were used. For the control, the treatment of
samples with primary antibodies was omitted. Abbreviations: IT—intrapyrenoid
thylakoids; P—pyrenoid; SS—starch sheath; TCh—chloroplast thylakoids. Gold particles
attached to chloroplast thylakoids are marked with arrows; gold particles in
intrapyrenoid thylakoids are marked with arrowheads.
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they were not speciﬁcally attributed to any cell compartment
(Fig. 4B).The CCM-mutant cia3 has two point mutations in the thylakoid
transit peptide of Cah3 [28]. This mutant was also subjected to immu-
nodetection of Cah3 with the anti-Cah3 antibodies. Cells of the cia3
mutant had the unusually large pyrenoid as compared with the WT
cells. This pyrenoid, however, was surrounded by a very thin starch
sheath in comparison with WT, or, alternatively, this sheath was ab-
sent at all. Intrapyrenoid thylakoids of the cia3 mutant were quite
rare and often formed a “tangle” in the center of the pyrenoid
(Fig. 5B, D).
As shown above, the lumenal Cah3 was mostly located in the
intrapyrenoid thylakoids of the WT cells of C. reindhardtii (Fig. 5A)
[19,20]. In cia3mutant cells, the Cah3 was signiﬁcantly less abundant,
and it was found evenly distributed throughout the pyrenoid matrix
(Fig. 5B). The statistics of distribution of gold particles in pyrenoids
of the cia3 mutant conﬁrms that the detection of the Cah3 protein
in the pyrenoid matrix is not just accidental: (a) sections probed by
Cah3 antibodies provided as many as 6.1±3.9 gold particles per py-
renoid (statistics from 17 sections); (b) sections probed by the pre-
immune serum provided only 3.11±1.9 gold particles per pyrenoid
(statistics from 9 sections).
The presence of Cah3 protein in cia3 mutant was also conﬁrmed
by western blot analysis with the same antibodies against Cah3 of C.
reinhardtii (Fig. 6). In the cell fractions of cia3, antibodies cross-
reacted with only one speciﬁc protein of about 30 kDa (Fig. 6). This
signal was weaker as compared to the WT, and it was detected only
at extended time of exposition in substrate-containing solution
(Fig. 6B, C). The results of immunocytochemical detection, as well as
western blotting, indicate that Cah3 is mislocated in cia3 mutant
cells, i.e., it was found in the matrix but not in thylakoids of the
pyrenoid.
The analysis of the large number of electron micrographs of WT
cells showed that the Cah3 immune markers were mostly bound to
intrapyrenoid thylakoids rather than to stromal thylakoids. Moreover,
in stromal thylakoids Cah3 was rather located in the thylakoids that
adjoin the pyrenoid. Taking into account that the bulk of Rubisco pro-
tein is also localized in the algal pyrenoid [15,16,20,34], we suppose a
co-localization of Rubisco and Cah3 in the pyrenoid of C. reinhardtii.
4. Discussion
Operation of the CCM requires the activities of CAs and the active
transport of Ci. The mutants defective in CCM, such as cia3 mutant of
C. reindhardtii, exhibit poor growth under low CO2 conditions (Fig. 1).
It belongs to a group of so-called high-CO2-requiring mutants
[24,28,35]. It has been shown previously that the rate of photosyn-
thetic oxygen evolution in this mutant is signiﬁcantly lower than in
the WT cells when CO2 is limited [20,28,35]. It is known that the
cia3 mutant has two point mutations in the transit peptide of the
Cah3 that is chloroplast lumen-located α-type CA [24]. As a result,
the Cah3 protein is inactive, and the cia3 mutant, being capable to
over-accumulate Ci, cannot assimilate it [28].
The physiological function of the luminal Cah3 is still not
completely clear. It was suggested that this enzyme might be respon-
sible for the increase in the concentration of CO2 in the chloroplast by
conversion of HCO3− to CO2 in the acidic compartment of the thyla-
koid lumen [9,21–23]. It might be also involved in the regulation of
electron transport through the control of PSII activity [27].
Therefore, it is important to investigate the appearance of the
Cah3 in two sites: (1) within stromal thylakoids, where the primary
light reactions of photosynthesis occur, and (2) within thylakoids of
the pyrenoid, where the bulk of Rubisco, the key CO2-ﬁxing enzyme,
is present. Previously, the attempts have been made to localize the
Cah3 in the intrapyrenoid thylakoids of C. reinhardtii by the immuno-
cytochemical approach [19,20]. Here we conﬁrm and specify these re-
sults by more precise demonstration of preferential localization of
Cah3 in thylakoids of the pyrenoid (Figs. 4, 5). Our results also
Fig. 5. Immunocytochemical localization of Cah3 in the cells of WT and cia3 mutant of C. reinhardtii. Experimental samples, WT (A) and cia3mutant (B) respectively; control sam-
ples, WT (C) and cia3mutant (D) respectively. For the immunocytochemical reaction, antibodies against C. reinhardtii Cah3 protein and Protein-A-Gold were used. For the control,
rabbit serum (Sigma) was used as primary antibodies. For abbreviations see Fig. 4. Gold particles in cia3 mutant cells are marked with arrowheads. Asterisks show the entrance of
thylakoid stacks into pyrenoid. Bars are 0.5 μm.
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chloroplasts.
Earlier, based on the results of immunoblots and immunochemical
localization, Mitra et al. [19], have concluded that cia3 mutant
completely lacks the Cah3 protein. Our results, obtained with the
cells of CCM-mutant cia3, show that Cah3 protein is present in the py-
renoid matrix of the mutant. This fact was conﬁrmed both by the
immune-gold localization of the Cah3 (Fig. 5B) and by western blot
analysis (Fig. 6 A, C). The latter was performed with two different
types of antibodies: 1) raised against Cah3 protein of C. reinhardtii,
and 2) raised against recombinant Cah3-MBP fusion protein (for
details, see Section 2.3). Cross-reaction with antibodies raised
against the fusion protein, was clearly detected in the cia3 cell
fractions (Fig. 6A). Cross-reaction with antibodies raised against
the Cah3 alone was also detected if the exposure time to visualize
the antibodies was extended (Fig. 6C), No signal was detected
with antibodies raised against Cah3 alone under short exposition
(Fig. 6B). Similar results have been obtained by Mitra et al. [19],
who concluded that the antibodies raised against the fusion pro-
tein might recognize some other protein that has similar molecular
weight as Cah3. In our experiments, however, the speciﬁc signal of
Cah3 was ampliﬁed in the membrane fraction.
Thus, our immunoblotting data (Fig. 6C), as well as the results of
immunoelectron microscopy (Fig. 5B), support the suggestion that
the cells of the cia3 mutant still contain the Cah3 protein. One mayassume that cia3 has lost the ability to concentrate CO2 because the
Cah3 is not embedded in the lumen due to two mutations in the
leader sequence that targets the protein into the lumen [24]. The
appearance of Cah3 in cia3 cells at rather low amounts might be
the result of incomplete degradation or decreased synthesis of the
protein.
The requirement of the luminal CA for operation of the CCM was
proposed 30 years ago [21,22]. The recent developments in the
understanding of this mechanism are presented in Fig. 7. The Ci
absorbed by the cell is accumulated in the form of HCO3− in the
chloroplast stroma, where pH is slightly alkaline (about 8.0). This
leads to the accumulation of the bicarbonate pool. Since HCO3− is
required for intracellular accumulation and CO2—for the photosyn-
thetic ﬁxation of Ci, it is necessary to convert a massive pool of
HCO3− into the CO2 molecules that are ﬁxed by Rubisco for further for-
mation of the organic compounds. This reaction can be accomplished
only in the “acidic” cell compartments and requires close cooperation
of the CA and the Rubisco enzymes. The pyrenoid is a suitable com-
partment: it contains Rubisco, and its thylakoids are ﬁlled with the
Cah3 (Figs. 4A, 5A). The main compartment where CO2 is produced
from the HCO3− pool is the acid lumen of intrapyrenoid thylakoids
rather than the whole pyrenoid. According to the proposed scheme
(Fig. 7), the pyrenoid acts as an autonomousmetabolicmicrocompart-
ment, where Cah3 plays the key role in the production and concen-
trating CO2 for Rubisco, thus increasing the rate of photosynthesis.
Fig. 6. Western blotting detection of Cah3 protein in the cell fractions of WT and cia3
mutant of C. reinhardtii. (A) The blotted membrane was probed with antibodies raised
against recombinant Cah3-MBP fusion protein and exposed in a substrate solution for
0.5 min. (B) The blot was probed with Cah3 antibodies and exposed in a substrate so-
lution for 0.5 min. (C) The blot was probed by Cah3 antibodies and exposed in a sub-
strate solution for 2 min. Panels A, B, C: (1) total cell homogenate; (2) soluble
proteins; (3) membrane proteins; M—molecular weight markers. Each lane contained
45 μg of protein. 12% SDS-PAGE was used to resolve the polypeptides for western blot-
ting analysis.
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Fig. 7. The scheme for the proposed mechanism of Cah3-mediated CO2 generation in
the pyrenoid. Dashed line shows proton generation during the dehydrogenation of FAs.
1254 M.A. Sinetova et al. / Biochimica et Biophysica Acta 1817 (2012) 1248–1255Strong evidence that the pyrenoid plays an important role in the
CCM was provided during investigation of the new CCM-mutant, cia6
[36]. The stromal CA Cia6 is located outside the pyrenoid. Surprisingly,
when the corresponding cia6 gene is knocked out in C. reinhardtii,
cells have disrupted pyrenoids and dysfunction of the CCM. These
results indicate that Cia6 is also important for ﬁxation of CO2. Probably,
the stromal Cia6 recaptures CO2 that diffuses out of the pyrenoid, and
converts CO2 to HCO3−, thereby reducing the leakage of CO2 out of the
chloroplast.
The proposed model of CCM in the chloroplast is related to ion
(H+ и HCO3−) transport across the thylakoid membrane, and it inevi-
tably depends on the physical properties (ﬂuidity) of the membranes.
Fluidity, in turn, is determined by the membrane composition and,
ﬁrst of all, by the level of the PUFAs of membrane lipids [37,38].
In many algae, 18:3ω3 and 16:4ω3 are predominantly localized in
the monogalactosyl diacylglycerols, the main thylakoid lipids, which
are suggested to be structurally and functionally related to the core
complex of PSI [39]. The concentration of these PUFAs is tightly corre-
lated with the activity of the photosynthetic apparatus [32,39,40]. It is
generally accepted that 16:1ω13 stabilizes the oligomeric structure of
the light-harvesting chlorophyll a/b-protein complex (LHC) of PSII
[41]. A considerable decrease in 16:1ω13 and a simultaneous increase
in PUFAs content at low CO2 (Table 1, Fig. 2) suggests that LHC may
not be sufﬁciently developed under such conditions, whereas PSI
may operate actively. Both activation of PSI and ATP synthesis due
to the cyclic electron transport are necessary for providing energy
for the functioning of CCM [42]. This, in turn, results in the enhance-
ment of PUFAs biosynthesis.
Thus, the present results (namely, the observed correlation
between the increase in the content of PUFAs (Fig. 2) and the
acceleration of the activity of photosynthesis) demonstrate the
importance of the thylakoid structure for cell adaptation to low
CO2 environments. The enhanced increase in the relative content
(% of total FAs) (Table 1) and in the rate of accumulation of the
ω3-PUFAs (Fig. 3) in the WT cells compared to the cia3 mutant cells,
implies the cross-talk between the metabolic pathways that link the
activity of CAs, CCM, photosynthesis, and the synthesis of PUFAs.
It has been shown earlier that FA desaturation is primarily related
to PSI activity [39]. The reduced parameters for growth (Fig. 1) and
photosynthesis [20] at low CO2 concentration in cia3 cells if compared
to WT, may reﬂect a decrease in PUFAs biosynthesis in the mutant. FA
desaturation, which causes the release of the excess of H+, implies
the presence of an acceptor of these protons. The role of such an
acceptor is regularly attributed to the photosynthetic oxygen
produced by the water-splitting complex. However, the mutant
of C. reinhardtii that lacks thewater-splitting complex can successfully
perform FA desaturation [43]. In this mutant, the cyclic electron trans-
port around PSI provides all the components necessary for FA desa-
turation, except oxygen. These observations allowed us to conclude
that, in the mutant cells, the acceptor of H+ may be not limited to O2.
Here, we suggest that the local excess of H+may be neutralized by
the CA (Cah3) through the reaction with HCO3− in the lumen [22,39]
with the ultimate formation of CO2 and H2O.
In cia3 mutant cells, Cah3 protein was detected in the pyrenoid
matrix (Fig. 5B), which has slightly alkaline pH, similar to stroma of
a chloroplast. Thus, in cia3 cells, non-functional Cah3 cannot perform
the reaction HCO3−+H+→CO2+H2O, under acidic conditions in the
lumen. This reaction, however, is obligatory for CO2 generation and
for the removal of protons during FA dehydrogenation. Putative dis-
turbance in the system of O2 evolution and HCO3− to CO2 conversion
in the thylakoids of the cia3 mutant cells makes it impossible to
carry out FAs desaturation with the same efﬁciency as in WT cells.
The multiplicity of CA functions had been repeatedly discussed
[2,4,20,23]. CAs may facilitate the transport of CO2 and HCO3− by sup-
plying these carbon forms to the Ci transporters. CAs may also cata-
lyze reactions, whose substrates or products require the supply of
1255M.A. Sinetova et al. / Biochimica et Biophysica Acta 1817 (2012) 1248–1255CO2 or HCO3−. This is achieved by providing of the appropriate con-
centrations of CO2 or HCO3− near the enzyme active center (including
FA-synthase) or, alternatively, by removal of CO2/HCO3− products. CAs
may also participate in the removal of protons, which are generated
during the reaction of water oxidation or FA desaturation (dehydro-
genation) in thylakoid membranes, by protonation of bicarbonate in
the lumen.Acknowledgements
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